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SUMMARY

ANDPREssm
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c. Watson

Wind-tunneltestsofa bodyof revolutionwitha circularnoseinlet
wereconductedat lowspeedsto ascertainsomeoftheeffectsof inlet
lipbluntnessandprofileon diffuserperformanceandbodydrag. The4 testswereconductedat free-streamMachnumbersup to 0.330withinlet
flowsfromzerothroughchoking.Boththeangleof attackandtheangle
ofyawofthebodywere@ throughouttheinvestigation..

A sharpinletlipprofilewastestedinadditionto fivecircular-
arcandtwoellipticalprofiles;thevariousprofileswereccmparedin
termsoftheirshapesandcontractionratios,theratioof thearea
circumscribedby theleadingedgeoftheinletlipto theminimuminlet
area.As wouldbe expected,thesharplipprovidedthepoorestpres-
surerecoveryformass-flowratiosgreaterthan1.0foralloftheMach
numbersofthetest. Theimprovementovertheinternalflowcharacter-
isticsof thediffuserwiththesharplip,causedby a slightbluntness
ofthelipof theinlet,dependedto onlya smallextenton theshape
ofthelipprofile.However,formoderatebluntnesstheeffectofthe
shapeoftheprofileassumedimportance,withan e~ptical profile
providingbetterpressurerecoverythana circularprofile.

Dragandsurface-pressuremeasurementsshowedthatformass-flow
ratioslessthan1.0thechangeof theexternaldragofthebdy with
mass-flowratiowascausedalmostentirelyby thechangeof thesuction
pressuresinthevicinityof theinlet.h addition,themagnitudeof
thechangewasfoundto.beequal,butof oppositesign,tothechange
ofthecalculatedadditivedragfortheinletas longas theexternal
flowwasnotseparatedfromthelip.

. Pressureandvisualstudiesoftheflowin theinletindicatedthat
a combinationof obliqueandnormalshocksoccurredfitheinletportion
formassflowsnearthatrequiredforchoking.l%essuremeasurements

. inthediffuserindicatedthat,withtheinletchoked,theamplitudeof
thetotal-pressurefluctuationswasas greatas 15percentof-the
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free-streamtotalpressure.Thefrequencyofthesefluctuationswasof
theorder-of20 cyclespersecondorless.

—

.

INTRODUCTION
-- —

Twofactorstobe consideredintheselectionofa lipprofilefor
an inletto supplyairto a turbojetenginearethedesignMachnumber
andaltitudeandoff-designoperation.@Urally speaking,thefirst
ofthesefactorsis ofprimaryimportanceandforgoodperformancea
shsrplipprofileisrequiredforsupersonicflowanda roundedlippro-
fileisrequiredforsubsonicflow. Thesecondfactormayassumeimpor-
tancewitha sharplipinletduringsubsonic,operation(e.g.,tske-off,
landing,or cruising),andsomecompromiseo-fthedesignmaybe necessary
to insuresatisfactoryover-allperformance.

—
-.

Oneof thepurposesofthepresentinvestigationwasto studysome
oftheeffectsoflipbluntnessandprofileonthecharacteristicsof
an inletat zeroandlowsubsonicspeedsandforinletmassflowsfrom
zerothroughchoking.A bodyofrevolutionwitha removable,circular
nose-inletportionwasselectedfortheinvestigation.Thelipprofiles
testedincludeda sharplip,fiveliyswithcircular-arcprofilespro-
vidingcontractionratios(theratiooftheareaencompassedby the
leadingedgeoftheinletto theminimuminletarea)ofapproximately
1.0$,1.08,1.16, 1.24, and2.33, smdtwoli~swithellipticalprofiles
providingcontractionratiosofapproximatelyl.d and1.18.

Inthecaseof idealpotentialflowabouta lipoffinitethickness,
two-dimensionaltheory(ref.1) indicatesthatthelipsuctionforcefor
mass-flowratioslessthan1.0is exactlyequaltothecalculatedaddi-
tivedragoftheenteringflow(refs.2 and~). An additionalphaseof
thepresentinvestigationwasthemeasurementofbodydragandof the
pressuresontheexternalsurfaceofthebodywithdifferentlipsin
ordertomakea comparisonoftheincrementsofbodydrag,lipsuction
force,andcalculatedadditivedragresultingfroma changeofmass-flow
ratio(formass-flowratiosbelow1.0).

Theinvestigationwasconductedin oneof theAmes7- by 10-foot
windtunnelsfora rangeoffree-streamMachnumbersup to 0.330.Both
theangleofattackandangleofyawwere@.

NOTATION

A

AF

Thefollowingsymbolsandsubscriptsareusedinthisreport:

area,Oqft

msximumfroda areaOftestbody,0.785sqft

“

.
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amplitudeoftotal-pressure

dragcoefficient,—
$F

drag,lb

additivedrag,lb

3

fluctuations,lb/sqft

totaldragmeasuredby thestraingage,minusthesealtare
force,lb

frequencyoftotal-pressurefluctuations,cps

totalpressure,lb/sqft

radialdistancein

Machnumber

averageinletMach

fromwallof inlet,in.

number,calculatedassumingentiremeasured
total-pressureloss(&Hs) to occuraheadof station1

averageinletMachnumber,calculatedassumingentiretotal-
pressureloss(~-Ha)to occurafterstaticm1

mass-flowrate(PAV),slugs/see

referencemass-flowrate(P&lV~),slugs/see

massflowrequiredto chokeinlet,assumingisentropicflow
fromfreestreamto station1, slugs/see

P-PO
static-pressurecoefficient,—

%
staticprespure,lb/sqft

dynamicpressure,lb/sqf%

radius,in.

airvelocity,ft/sec

axialdistance,in.

ordinatemeasurednormaltobodyaxis,in.

ratioof specificheatsforair,1.4

massdensityofair,slugs/cuft
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Subscripts

conditionsat theinletto the5-inch-diametersting(exitof
theductedportionofthesting-mountedbody),station79.50

dragcomponentsactingontheexternalsurfaceofthesting-
mountedbodyandontheoutsideofthe8tagnationstreamline
of theflowenteringtheinlet

dragcomponentsactingontheinnersurfaceofthesting-
mountedbodyandontheinsideofthestagnationstreamline
oftheflowenteringtheinlet

localconditionsintheinternalflow

maximum-frontal-areastationofthebody,station72.O

conditionsat thestagnationstationontheinletlip

conditionsat thetrailingedgeof thesting-mountedbody,
station117.O

conditionsinthefreestream

averageconditionsat theexitoftheconstant-areaportionof
theinlet,station15 (Al= 0.@42 sq ft)

averageconditionsat a simulatedengine-compressorentrance
station,station36.25(A3= 0.1389Sq ft)-

MODELDETAILS

Themodelusedinthetestswasa streamlinebodyofrevolutionwith
internalductingandprovisionsformountinginterchangeableinletpor-
tionsat tienose(figs.1 and2). Themaximumtiameterofthebcdywas
12 inchesat station72.00.Twoafterbodieswereused. Thefirst
(figs.1 and3(a))wasmountedonan 8-inch-diameterverticalstrut
throughwhichtheinletairflowcouldbe exhaustedfromthebody.With
thisafterbody,thetotalbodylengthwasX29inches.Thesecondafter-
bodywasmountedona ~-inch-diameterhorizontalsting(figs.1 and3(b))
throughwhichaircouldbe drawn.Thebodywasmountedonthestingby
theuseofflexure-pivotassemblies,as shownin detailB, figure1,
whichresistedtorsional,pitching,andlateralloadsbutpermitt~
axialmovement.Theaxialmovementwasrestrainedby a straingageused
tomeasuretheaxialforcesonthebody(detailA, fig.1). Leakageof
airbetweenthestingandtheafterbodywaspreventedby a rubber
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dental-damseal,shownindetailB, figure1. Withthisafterbody,the
totalbodylengthwas117inches.

.
Theinterchangeableinletportions(fig.2)weremachinedfrom

aluminumorbrasscastings,andallthelipprofilestestedwereformed
withintheboundariesofa basicsharp-edgedinlet.Thissharp-edged
inletwasformedwitha conicaloutersurfacetangentto thebasic
forebodyat station14.118andwitha cylindricalinnersurfacewitha
radiusof2.078inches,extendingfromthesharpleadingedge,
station9.~, to station17.00.Theanglebetweentheinnerandouter
surfaceswasabout7-1/2°.A bellmouthwasdesignedforinsta~ation
withthissharp-edgedinlet.

Inadditionto thesharp-edgedinlet,twoothertypesofprofiles
wereemployedinthetests.Onewasa circular-arctypeandtheother
wasmadeup ofan ellipticalinnerprofileandan approximatelyellip-
ticalexternal~rofile.(Thetwotypesofprofilesw5JJ.be referredto
as circulartypeandellipticaltypeintherestofthereport.)Both
typesofprofilesweretangentto thesurfacesformingthesharp-edged
inlet.Theratioof theminoraxisto themajoraxisoftheellipse

●

formingtheinternalshapeoftheelliptical-typeprofileswas0.2777.

. Fivecircular-andtwoelliptical-typeprofilesweretested.They
areidentifiedby lip-designationnumbersandlettersas shownin
figure2. Thenumberisan indexofthebluntnessofthelipandis
equslto thedecimalportionoftheinletcontractionratioto the
nearesthundredth.TheletterR indicatesa circularprofile,andthe
letterE, an ellipticalprofile.T%us,up 24Rhada circular-arcpro-
fileandtheareaencompassedby theleadingedgeoftheresultinginlet
wasapproximately24percent(actually24.3percent,astabulatedin
fig.2) greaterthantheminimuminletarea. Theminimuminletarea
wasequalto X2percentofthemaximumfrontalareaofthebody.

Thediffusionratiooftheinternalduct(definedastheratioof
theflowareaat thesimulatedcompressorentrancestation- station
36.25- to theminimuminletarea)was1.474.Theincludedangleof
theunobstructedconicalportionof thediffuser- fromstation15.00
to station32.00- wasabout4°.

INSTRUMENTATIONANDTESTS

Forbothmodel-supportarrangements,theflowofairthroughthe
inletandsubsequentductingwasregulatedby an exhaustpumpoutside

. thewind-tunneltestchamber.Therateof inletairflowwasmeasured
by a calibratedorificemeter.Testswereconductedat free-streamMach
numbersof O, O.11~,0.166,0.237,and0.330withReynoldsnumbersof

. aboutO,68,000,g6$O00,136,000,sad185,000perinch,respectively.
Therangeof inlet-air-flowratesduringthetestswas-frm-zerothrough
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choking,andtheangleofattackandangleofyawofthebodywereOO.
Boundary-1ayertransitiononthebodywasfixedby a l/2-tich-wideband
of Carborundumgrainsat station15.00fortheentiretivestigation.
No tunnel-wallcorrectionswereappliedto anyofthedata.

Strut-SupportedModel

Withthemodelmountedonthe8-inch-diameterstrut,thelossof
totalpressyrefromthefreestreamto thesimulatedturbojet-engine
compressorinlet,station3 (station36.25ti.,fig.1),wasmeasured
by a rakeconsistingof24 total-pressureand4 static-pressuretubes.
Thetotal-pressm-losswasmeasuredformass-flowratiosm=/~ from
zerothroughchokingforeachlipandeachtestMachnumber.

Studiesofthetotal-andstatic-pressurevariationsat several
stationsintheminimum-areasectionoftheinletwtthlipsO and16R —

weremadeusinga smalltwo-tuberakeextendingthroughthewallofthe
inlet.Thedistancefromtheraketubestotheinternalwallofthe
ductwasad~ustablefromoutsidethewind-tunneltestsection.

P“”

Withno externalairflow(i.e.,staticconditions),thevariation .
ofthestaticpressuredownthecenterlineoftheinletwithlipsO
and16Rwasmeasuredforvariousinletmassflows.Forthesetestsa
longstatic-pressureprobewasutilizedwhichextendedintotheinlet —
fromtheq,,et-airregionwellaheadoftheinlet.

.——.-

Forthe$esametwolips,visualstudiesoftheflowintotheinlet
for ~ = O weremadeusingthesplitter-platesetupshowninfigure4.
Thisplateextendedthelengthoftheconstant-areasectionoftheduct
andfittedtightlybothinsideandoutsidetheinlet.Foreachof sev-
eralinletmassflows,a mixtureofkeroseneandlampblackwassprayed
ontotheplatesandintotheairstresmapproachingtheinlet.The
res’dtingflowpatternsontheplateswerephotographed.

—

ForlipsO and16R,thefluctuationsoftotalpressureinthe
diffusersectionoftheductaheadofstation3 weremeasuredutilizing
a 3/8-inch-diametersensitivetotal-pressureprobe(whichhouseda
diaphragmandstraingage)andwererecordedby an oscillograph.These
measurementsweremadeforvariousinletmassflowswithfree-stream
Machnumbersof O,0.237,and0.330.

Sting-SuppurtedModel
.

Dragmeasurementsweremadewiththemodelmountedonthe5-inch-
dismeterstingforfree-streamMachnumbersof 0.237and0.330and

.
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mass-flowratiosup to 1.0withlipsO,16R,and18E. tiaddition,
dragofthebasicpointed-nosebodywasmeasuredforthessmeMach
numbers.

7

the

Thetotal dragofthemodelwasmeasuredby a calibratedstrain
gagewhichresistedtheaxialmovementpermittedby theflexure-pivot
mountingsystem.Thestraingagewasmountedbetweentheafterbodyand
thestingas shownindetailA, figure1. Thetotalinternaldrag,
basedonthetotal-momentumlossfromthefreestreamtotheentrance
to thesting,wascalculatedfrommeasurementsofthepressuresat
statione,thestingentrance.Thesepressuresweremeasuredwitha
rakeconsistingof 37total-pressureand4 static-yressuretubes.

Therubberdental-damsealshownindetailB, figure1, causeda
sma12axialloadonthebody. Thevariationofthisloadwascalibrated
againstthepressuredifferenceacrosstheseal,measuredby twostatic-
pressureorificesconnectedtoa ~ometer. Theloadimposedby the
sealas indicatedby thepressuresacrossthesealduringthetestswas
thussubtractedas a tareforcefromthestrain-gagedragmeasurements.

Thesurface-pressuredistributionalongthebodywasmeasuredfor
thesting-mowtedmodelwith~ps O and16Rforvariousmass-flowratios
anda free-streamMachnumberof 0.237.Onerowof static-pressure
orificeswasprovidedalongtheinletportionandthebodyat thesta-
tionstabulatedinfigures1 and2.

RESULTS

Internal-FlowStudies

ANDDISCUSSION

WiththeStrut-MountedModel

Total-pressurerecoveryandmass-flowratio.-Thevariationsof
totsl-pressurerecoveryH~& measuredat thesimulatedcompressor
entrance’andofthemass-f~ow-ratioml/~ withcompressor-entrance
MachnumberMS fortheinletwitheachofthelipsareshownin
figures~(a)to ~(d)forfree-stream~ch numbersfrom0.115to 0.330.
Datawereobtainedformass-flowratiosfromzerothroughchokingfor
eachlip. Fora free-streamMachnumberof zero,thevariationsofthe
total-pressurerecoveryandofthemass-flowratiom=/m* with
compressor-entranceMachnumberareshownin figure6. Themass-flow
ratiom~m* isbasedontheweightrateofairflowrequiredto choke
theinletwithisentropicflowassumedfromfreestreamto theinlet.
Alsoshowninfigure6 srethevariationsof H&/% andml/m* with ~
forthemodelwitha bellmouthat theinlet.A curveofthevariation
ofmass-flowratioccmputedforthecaseofisentropicflowfromfree
streamto thecompressorentranceisincludedinfigures5 and6.

b figures7(a)to 7(h)thedataof figure5 havebeencross-
plottedto formcompositecurvesofthevariationof total-pressure
recoverywithfree-streamMachnumberforconstantmass-flowratios.
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Usingthedatainfigure5, curvesofconstamtcompressor-entranceMach
numberM3 (suchas ~ = O.&) maybe includedonthecompositecurves
of figure7. Similarly, curves ofconstantinletMachnumber :
(Ml= constant)maybe superimposedby utilizingthecurvein figure8
whichwascalculatedusingthefollowingequationwiththeassumptionof
isentropicflowfromstation1 to station3 (Es= H=):

Forthemodelused,thediffusionratioA.s/Alwas1.k7k. It canbe
seen(fig.8) thatwiththeassumptionof isentropicdiffuserflow,the
Ma = O.~ curveinfigure7 wouldcorrespondwiththecurvefor
Ml = 1.00.A thirdfamilyof curveswhichcouldbe superimposedonthose
infigure7 wouldbe curvesof constantinletMachnumberMl’,calcu-
latedonthebasisofthemeasuredweightrateofairflowandthemini-
muminletarea(0.0942sqft)andwiththetotal-pressurerecoveryH1/~
assumedtobe 1.00. InletMachnumber,definedinthismanner,hasbeen
usedfrequentlyinperformanceanalysesofair-inductionsystemsandis,
therefore,presentedinfigure9 forthefree--rtreauMachnumbersofthe
presentinvestigationas a functionofmass-flowrationl~/mo.

Studyoffigures5, 6,and7 showsthat,aswouldbe expected,the
total-pressurerecoveryandmass-flowcharacteristicsof inletswith
circular-profilelipstiprovewithincreasingbluntness.Thecharacter-
isticsof thebluntestprofiletested,lip33R,approachedtheisentropic
andbell-mouthcharacteristicsevenfora free-streamMachnumberofzero.
Thecharacteristicsoflip8Ewerecomparablewiththoseofbluntercir-
cularlipsformass-flowratiosup to about157. Forhighermass-flow
ratios,however,thetotal-pressurerecoverywasnearlythesameasfor
lip8R. Thecharacteristicsoflip18Earecmnparablewiththoseoflip
33Rforfree-streamMachnumbersotherthanzeroformostofthemass-
flowrange.Fora free-streamMachnumberof zero(fig.6),itscharac-
teristicswerestillbetterthanwouldbemeasuredfora circularprofile
ofthessmecontractionratio. (Notethatcontractionratioandblunt-

—
-—
nessare

The
profiles
surfaces
filesof

usedsynonymouslyin c~paringthelipprofiles.)

highertotal-pressurerecoveriesposs>blewiththeelliptical
arethoughtto resultbecauseseparationfromtheinternallip

—

wasdelayedtohighermass-flowratiosthanwithcircularpro-
similarbluhtness.Whenseparationdidoccurfroman ellipti-

calprofile,itappearsthatitscharacteristicsimmediatelybecame-
comparabletothoseofa circularprofilewithanequalcontractionratio. .

Inviewofthefactthatthebell-mouthdataindicatesmalldiffuser
losses,thelipdatapresentedshouldbe reasonablyapplicableto any
well-designeddiffuserofmoderatediffusionratio.To facilitatesuch

.

useofthe data,theconversioncurvesin figure10,calculatedby use
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of eqution(1),arepresented.By enteringthecurveswithany ~
ofthepresentinvestigation(plottedas abscissa)andby goingto the.
desireddiffusionratio A~A=, thecorresponding.M~ forthedesired
diffusermaybe readas theordinate.

Inletchokingconditions.-Theapproximatecompressor-entranceMach
numberforwhichchokingfirstoccurredintheinletwitheachofthe
lipsmaybe fouudinfigures5 and6 as the ~ abovewhic&therewas
no apparentincreaseinmass-flowratio.Thechoking~ thusdefined
maybe seentohavebeennearO.kkinmostcases(ccmrputedfromthe
measuredweightrateofairflowandtotal-pressureratio).Deviations
fromthisvalue,downtoabout0.40forlipO,andup to about0.455
forthebellmouth(bothconditionsestdmatedfora free-stresmMach
numberof zerofromfig.6)canbe seen.Forthecaseofthebell
mouthit was assumedthatchokingcorrespondedwiththeattainmentof
em averageMachnumberof 1.0in theinlet(M== 1.0);a diffusertotal-
pressureratio I@= of 0.98wasthencalculatedusingequation(l).
(Ifthistotal-pressureratio,0.98,appliesat chnklngregardlessofthe
lipshapeorfree-streamMachnumber,themajorityofthetotal-pressure
lossesmeasuredat thecompressor-entrancestaiionmusthaveoccurred.
atthelipor in theconstant-areainletportionoftheduct.)

- Withtheassumptionofa constantdiffusertotal-pressureratioof
O.%, anyreductionof MS from0.455canbe shownby equation(1}to
correspondwitha reductionof inletMachnumberfrcm1.0. Inthecase
oflipO,forstaticfree-streamconditionsan inletMachnumberof
0.69correspondsto thechoking~ of o.koand,frcmfigure6, the
chokingvaluesof m=/m*andH=/~ canbe foundto be about0.75and
0.832(i.e.,0.816/0.98),respect.ive~.Thesevaluesof chokingmass-
flow
ical

ratioandthetotal-pressureratioareh contrastto thetheoret-
chokingvaluescalculatedinreference4:

ml HI—=— = 0.79m* %

Thelowerchokingmass-flowratiomeasuredinthepresentinvestigation,
0.75,isthoughttobe an indicationoftheextenttowhichtheactual
inlet-flowphenomenadifferfromthoseassociat~withthetheory.The
inequalityofthee~erimentalchokingmass-flowratioandinlettotal-
pressureratioarisesbecausethecorrespondingaverageinletMach
numberwas,as shownabove,lessthan1.0. Thecontinuityequationas
usedinreference4 maybewritten
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onlywhen Ml = 1.0. Theseequationsshouldbe applicableregardless
oflipshape.Fromequation(1)with H~El = 0.98 andan assumrxlinlet
Machnumberof1.0,M= wouldbe 0.455(asindicatedby thedataof
fig.6 forthebellmouth),andthecorrespondinginlettotal-pressure
ratio H=/~ wouldbe nearlyequalto thechokingmass-flowratio
m=/m*.Thecompressor-entrancel&chnumber,& = 0.44,corresponding
to isentropicexpansionfromuniformsonicflowattheinletentrsmce,
is includedontheccmpositecurvesof figure7. Inaddition,the
approximateexperimentalchokinglimitsareshown.

Total-pressurefluctuationsinthediffuser.-Oscillographrecords
fortheflow,a fewinchesaheadof station3, were interpretedas sh~
inthefollowingidealizedsketchofa typicalrecordforconditions
nearchoking:

t ‘.-T -.ge’1
fluctuation fluctuation

Twotypesofpressurefluctuationsareseento haveoccurredsimultane-
ously.Thefirsttype,termedthe “averagefluctuation,”wasdetermined
ignoringtheoccasionallarge-amplitude,low-freqpencyfluctuations,
termedthe“maximumfluctuation,”whichmadeup thesecondtype. The
frequencyandsmplitudeofboththeaverageandthemsximumfluctuations
areshownin figuresU.(a)andn(b) forthemodelwithlipsO and16R,
respectively,andfor&ee-streamMachnumbersof 0, 0.237,and0.330.
Theintensityofthefluctuationsis expressedas thetotalamplitude
dividedby thefree-streamtotalpressure..,Themajorpart ofthedata
wererecordedformassflowsnearchoking,amdtherandom,aperiodic
natureofthefluctuationsmadetheinterpretationoftheosclllograph
recordsMfficult.

—

.

.

.—

.
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Thestaticcharacteristicsofthesensitivepressurecelland

oscillographequi~ent(amplituderatio a/~ of about0.02witha
. frequencyof60 cyclespersecond)areindicatedinfiguresn(a) and

Kl(b)by a dashat zerocompressor-entranceMachnumber.Complete
interpretationofthevariationsoffrequencyandamplitudeIsnot
attempted;however,thecurvesareconsistentin indicatingtheoccur-
renceoflarge-amplitudelow-frequencypressurefluctuationswhichmay
be of tiportanceformassflowsnearchokingfortheinletwitheither
ofthetwolips. Theamplitudesofthefluctuationswereasmuchas
15percentofthefree-streamtotalpressurewitha frequencyofless
than20 cyclespersecondwhentheinletwaschoked.No attemptwas
madeto calculatetheextenttowhichtheseeffectsmaybe attributable
to theresonantcharacteristicsoftheducttested.

Pressuxestudiesintheinletportions.-Theresultsof static-
andtotal-pressuresurveysat severalaxialstationsintheinlet
portionforlipsO and16Rfora free-streamMachnumberof zeroare
presentedin figuresU(a) and12(b).ForlipO, surveysexeincluded
fortwomassflowsbelowchoking(~ = 0.30and0.36),whileforlip
16R,surveys=e included-foronemassflowbelowchoking(~ = 0.38),. andforthechokedconditionwith ~ = 0.46. Thecorrespondingvaria-
tionsoflocalMachnumber,calculatedusingtablesof Mversusp/H
(ref.5) arealsoincludedin figure12. Fortheregionswherethe.
localflowwassupersonic,thelocaltotalpressureswerecorrectedfor
theeffectsoftheshockwave&headofthetotal-pressuretube.

Forlip0,figureJ2(a),thesurveysindicatean annularregion
neartheinletwallinwhichthelocalMachnumberwaszero. Iiamedi-
atelyinsidethisregion,highlocalMachnumbersweremeasured,witha
maximmlocalMachnmber inexcessof 1.20forthehighermassflow.
Thereductionsoftotal-pressureratiosforvaluesof h/rl greater
than0.2at thetworearsurveystations(x/rl= 0.40and0.84)indicate
thepossible~istenceof shocksintheflow.

Forlip16R,examinationofthecurvesin figure12(b)inticates
thattheannulwregionof Mz = O was,of course,muchsmallerthan
thatforlipO. ThemaximumlocalMachnumberattainedwasabout1.4’5
nearthewallat theforwardsurveystation(x/r== 0.27).At the
secondsurveystation(x/r== 0.72),thishighMachnunberflowhadbeen
repl.aced~probablyas a resultof localshockwaves,by a regionof
fairlysteadyflowhavinga Machnumberbetween0.9and1.0.

In figure13, inletpressure-surveydataforlipsO and16Rare
presentedfora mass-flowratioofabout1.5forthreefree-streamMach
numbers.An annulusof low-speedflowis seentohaveexistednearthe

. inletwallforbothlips,althoughitsextentwaslessthanthatforthe
statictests(fig..12). AwayfromtheinletwaU, thelocalMachnumber
wasfairlyconstantforbothlips,withhigherlocalMachnumbersbeing
measuredwithlipO thanwithlip16R. Dataarepresentedforonly
onesurveystationforeachlipbecausesimilartotal-pressureprofiles



12 NhCATN 3170

weremeasuredattheothersurveystations.Similarly,themeasuraents
arepresentedforonlyonemass-flowratiobecausetheeffectofvaria-
tionofmass-flowratio(belowchoking)wasfoundtobemanifestedas
a changeinthemagnitudeof thelocalMachnumberawayfromthehlet
wall.

.

Thestatic-pressurevariationdownthecenterlineoftheinlet
portionwithlipsO and16Rwitha free-streamMachnumberof zerois
presentedinfigures14(a)and14(b).Flowconditionsapproximating
thoseforwhichthedatainfigures12(a)and12(b)arepresentedwere
maintainedforthesestatic-pressuremeasuremetits.If it isassumed
thattherewasno total-pressurelossintheflowatthecenterofthe
inlet,theflowwouldbe subsonicuntil pz/~ wasreducedto 0.528.
Thisvalueis tidicatedinfigure14. Thelocalstaticpressures
measuredduringthechokedoperationoftheinletwithlip16R
(fig.14(b)) indicatethata maximumlocalMachnumbernear1.4was
attainedat thecenterlineat x/rl ofabout1.1. Theabruptrisein
staticpressureimmediatelydownstreamofthisstationisthoughtto
haveoccurredinan obliqueshocksincethepressurerisewasnotgreat
enoughto signifythepresenceofa normalshockwithsubsequentsub-

—

sonicflow. Theflowfollowingthepressurerise(downstreamfrom ●

x/rl= 1.4)is consideredtohaveremainedsupersonicuntilthesecond
abruptstatic-pressurerise(downstreamof xir== 2.2]whena normal
shockisthoughttohaveoccurred.Thelocationofthisdisturbance

m

wasnotdeterminedexactlybutseemedto varybetweenx/r=s2.3 ad
x/rl= 2.6.

Visualflowstudiesintheinletportions.-In connectionwiththe
pressurestudiesoftheflowintheinletsectionwithlipsO and16R,
visualstudies”oftheflowweremadefora free-streamMachnumberof
zeroutilizingkeroseneandlsmpblackas describedinthesection
InstrumentationandTests.tieflowphenomenanotedareindicated
schematicMJyforlipO in figure15. Picturesoftheflowformedon
thesplitterplatesby thekeroseneendlampblackmixtureareshownin
figures16 and17. Inasmuchas theflowlineswereinfluencedby the
boundarylayerontheplatesandby themassandviscosityofthekero-
seneandlampblackmixture,theymustbe regardedas onlyqualitative
indicationsoftheinletflow.

Thecauseofthediscontinuityoftheflowlines,corresponding
withlineA, figure15,whichwaspresentfortheinletwitheitherlip
forallmassflowsisnotunderstood.Theboundaryindicatedby lineB,
figure17,appearstodefinetheregionof separatedflowneartheinlet
lipsandthegrowthoftheboundarylayeralongtheinletwallafter
reattachmentoftheflow. It cambe seenthatforthelowermassflows,
theareathusdefinedas theboundarylayergrewqtiterapidlyforboth
lipsO and16E,butthat,asthemassflowwasincreasedto thechoking
range(MS greaterthan0.4),thethicknessofthelayerdecreased,
especiallywithlip16R.
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3

Thediscontinuitydesignatedby lineC Infigure15 isthoughtto
bean indicationofan obliqueshockwavewhichoriginatedintheregion

. wheretheseparatedflowfromthelipsreturnedto theinletwall.
LineN, infigure15,isthoughttobe theindicationofa normalshock
intheflow.Thevortices,lineV, indicatea flowphenomenoninthe
boundarylayeron theplatebehindthenormalshock.T& locationsof
theshocks,as shownby thepictures,areingeneralagreementwiththe
interpretationof thedataof figure14.

In conjunctionwiththestudiesoftheimletflowreportedthus
far,visualobservationsofthecloudof condensedwatervaporinthe
low-pressurere@onsin theinletweremadewithbothlipsO and16R
throughoutthemass-flowrangefora free-streamMachnumberof zero.
As themass-flowratewasincreasedtovaluesnearchokingforlip0,
condensationfirstappearedinsmannulusneartheinletwalls.With
increasingmassflow,theareaof condensationextendedinwarduntilit
wasvisibleoveressentiallytheentireinletareaforthemassflowat
whichtheinletwaschoked.Inthechokedcondition,thecentralregion
ofthecondensationcloudappearedextremelyunsteadyas evidencedby
a fore-and-aftoscillation.Duringtheoperationoflip16R,thepro-

●

gressionof condensationfromtheannulustothecompletefillingofthe
inletoccurredovera smallerrangeofmassflows.

.

DragandSurface-PressureStudiesWiththe
Sting-SupportedModel

Dragmeasurement.-Thetotaldragofthemodelisdefinedas the
loadmeasuredby thestraingageminusthesealtareandisdesignated
~. Theinternaldragis calculatedintheconventionalmannerbased
onthechangeof totalmomentumoftheinternalairflowfromfreestream
to theexitfromtheductedportionofthebody(statione, fig.1)

.Theinternaldrag

Inthisequation,
maybe definedas

.
Theadditivedrag

.

Di,o-e‘m(vo-ve)‘% (Pe-Po) (2)

thusdefinedismadeup of twoparts

‘i,o-e=.Di,o-s+ Di,s-e (3)

theportionof theinternaldragaheadoftheinlet

Di,o.6= m(v*-v8)- As (Ps-Po) (4)

foran inlet(refs.2 aad3)isdefinedas

Da = %Xt,o-s=
f

(P-PO)~ (5)
surface
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It canalsobe shownthat

Da = m(Vs-Vo)+ (P~-Po)AS

Comparingequations(k) and (6)

Di,o-8= -Da

NACATN 3170

(6)

(7)

Equation(~),in conjunctionwithequation(3),isof significancein
thatitshowsadditivedragtobe a hypotheticalforcewhichentersinto
considerationbecauseofthedefinitionofinternaldraginequation(3).

Thetotalexternaldragofthemodel,definedinthesamemanner
as internaldrag,isexpressedas

%Xt ,o-t = Da +D~,s-t (8)

andintermsoftotaldrag

Dmt,o-t= ~ - Di,o-e (9)

ThedragcomponentDat,s.t inequation(8)willbe referredto in
theremainderofthereportasthe=ternalbodydrag.

A sempleplotofdataisincludedas figure18. Theexperimental
valuesOf c% W hi o-e areshownas functionsofmass-flowratio
forlip18Efora free&treamMachnumberof 0.237.Thecurveof
cDext,o-twascalculatedasthedifferencebetweenthefairedcurves
of C% ad cDi,o-e(usingeq.(9)incoeffic&ntform).Infigures
19(a)and19(b),thefairedcurvesof CDMt ~-t areshownforlips0,
16R,and18Eforfree-streamMachnumbersof)0.237and0.330,respec-
tively.Figure19alsoincludesthecurvesofcalculatedadditive-drag
coefficientandof external-body drag coefficient(calculatedusing
eqs.(6)and(8),respectively,in coefficientform).

Forthecalculationofadditive-dragcoefficientfortheinletwith
lipO,thestagnationstreamlineoftheenteringflowwasassumedto
terminateatthesharpleadingedge.Forlip16R,thepositionofthe
stagnationpint wasfound,approxbately,fromcrossplotsofswface-
pressure-distributiondataforthelipregion.No staticorificeswere
providedinlip18E;however,sincelips16Rand18Eprovidedsimilar
contractionratios,itwasassumedthatthevariationoftheadditive-
dragcoefficientwithmass-fluwratiowasaboutequalforthetwolips.

Thesharpbreaksinthecurvesof CD~,o-t, whicharerepeated
inthecurvesofexternal-bodydragcoefficientin figure19,are
believedto correspondwiththeoccurrenceo<flawseparationfromthe
externalsurfaceofthelips.Thedashedportionsofthecurvesshow
therangeofmass-flowratiosoverwhichthedragmeasurementswere

●

✎

—
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unsteadyas a resultoftheseparation.Inparticular,fortheinlet
withlip18Efora Machnumberof 0.330,theunsteadinessof forcesfor
a mass-flowratioslightlygreaterthan0.3preventedaccuratemeasure-
ments. Forlip0,formass-flowratioslessthan1.0,theexternalflow
wasseparatedat thelipat alltimesandtherewas,of course,no break
inthedrag-coefficientcurves.

Thedragcoefficientofthesolidbody,indicatedbythecircle
symbolat a mass-flowratioof zeroin figures19(a)and19(b),maybe
seentoagreecloselywiththeexternal-bodydragcoefficientcalculated
fortheductedbodytithlipO fora mass-flowratioof1.00.A ccmi-
parisonofthedragcoefficientsforthesolidbodyinfigures19(a)
and19(b)showsthattherewasa smalldecreaseofdragwithincreasing
Machnumber.Thiswasbelievedtohavebeena scaleeffectsince,as
theMachnumberwasincreasedfrom0.237to 0.330,theReynoldsnumber
increasedfromabout136,000to 185,000perinch.

Thevariationsoftheinternal-dragcoefficient& ~-e with
mass-flowratiofora givenfree-streamMachnumberfort~emodelwith
eachofthethreelipswerefoundtobe nearlyidentical.Thisequality
wouldbe expectedinviewof thefactthatthetotal-pressurerecovery
andmass-flowcharacteristicswitheachofthelips(fig.5)were
similarformass-flowratioslessthan1.0. It canbe seen,then,from
equation(9)in coefficientform,thatthedifferencesbetweenthe
curvesof CD~,o-t infigures19(a)and19(b)area measureof the
actualdragdifferencesresultingfromtheuseof thevariouslips.
Thesecurvesshowthatnoneof thelipsprovidedthelowestdrag
throughouttherangeofmass-flowratiosfromO to 1.0forthefree-
streamMachnumbersofthetest. Thegreatestimprovementinhag
measuredwithlips16Rand18E,comparedwiththatmeasuredwithlip0,
occurredforthemass-flowratiosjustbeforetheexternalflowseparated
fromthelipsandalsoneara mass-flowratioof zero.

Surface-pressuredistribution.-Thestaticpressureovertheinlet
andbodywasmeasuredby meansof onerowof static-pressureorifices
whosepositionsaretabulatedin figures 1 and2. Examplesofthe
pressure-coefficientdistributionsplottedagainst(r/r-)2 are
includedinfigures20(a)and20(b)forMps O and16R,respectively,
fora free-streamMachnumberof 0.237.Itwasfoundthattheeffect
ofmass-flowratioonthepressuredistributionwaslimitedalmost
completelyto theregionneartheinlet;therefore,figure20 includes
dataonlyfor(r/rH)2 to 0.5. Theareaunderthecurvesofthetype
illustrated,fromthestagnationpointto smyarbitrarystation,Is
equalto theexternalpressure-dragcoefficientforthebodytothat
station.Thechangesin theexternalpressure-dragcoefficientswith
mass-flowratioareplottedinfigure21. Similardifferencesfor
external.-bcdydragcoefficientscDexts-t fromforcedata(from
figs.19(a)and19(b))arealsoplotte~in figure21 forcomparisonwith
thepressure-dragcoefficients.It canbe seenthatnearlythesame
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changeof external-bodydragwithmass-?lowratiowasobtainedby each
ofthemethods.ThiswasparticularlytrueforthecaseoflipO. .

Basedonthisagreementbetweenpressureandforcemeasurements,
itisbelievedthatthechangeofviscousdragwithmass-flowratiofor
thetestconditionswassmalJ.Additionalverificationofthisbelief
wasobtainedfrcmapproximatecalculationsofviscousdragbasedonthe
pressuredistribution.Sincethemajority-ofthepressurechangeswith
changingmass-flawratiotookplacenesrtheinletandaheadofthe
stationatwhichtransitionwasfixed,the.calculatedtiscous&ragwas
foundtobe essentiallyconstant.

Relationofexternal-bodydragtoadditivedraR.-Idealpotential
flowtheory(ref.1) showsthatformass-flowratiosbelow1.0,the
changeofcalculatedadditivedragwithmass-flowratioshouldbe of
equalmagnitudebutof oppositesignto thechangeofinletlipsuction
forces.Forthepresenttests,thechangeof inletlipsuctionforce
withmass-flowratioisexpressedinfigure21 as thechangein external-
bodydragcoefficient.Forcomparison,thechangeofadditive-drag
coefficientcalculatedforlipsO,16R,and18Eisalsoincludedin
figure21. To simplifythecomparison,additive-dragcoefficientis

●

consideredinthenegativesense.Itcanbe seenin figure21 that,
forlip0,thechangeinthetwocoefficientswaseqyalonlyformass- .
flowratiosapproaching1.0. Fortheothertwolips,theywereapprox-
imatelyequalovertherangeofmass-flowratiosforwhichtheexternal
floww&sbelievedtohave&ained attached

Thefollowingconclusions

CONCLUSIONS

pertainingto

to thelipsurfaces. —

theeffectsofinletlip
bluntnessandprofileondiffuserperformanceandbodydragarebased
ontheresultsoftestsconducted,witha bodyofrevolutionhavinga
circularnoseinlet,forfree-streamMachnumbersup to 0.33andfor
inletflowsfromzerothroughchoking:

1. Forlipsofmoderatebluntness,an ellipticalprofileprovides
betterpressurerecoverythana circularprofile.

2. Forchokingflowintheinletwitheithersharporbluntlips,
largetotal-pressurefluctuationsmayexistina diffuser.Theampl3.-
tudeofthefluctuationsmeasuredinthisinvestigationwasas great
as 15percentofthefree-streamtotalpressuxeandthefrequencywas
oftheorderof20 cyclespersecondorless.

v
3. Formass-flowratioslessthan1.0,themagnitudeofthechange

ofexternaldragofthebodywitha changeofmass-flowratiois,in
accordancewithpotentiaLtheory,equalbutofoppositesigntothe

.



3~
NACATN 3170

.

changeofthecalculatedadditivedragfortheinlet,as longasthe
. externalflowisnotseparatedfromthelip.

AmesAeronauticalLaboratory
NationalAdvisoryComnitteeforAeronautics

17

MoffettField,Calif.,Jan.9,
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A-17024

(a) Strut-supportedmodel.

A-16916

(b) Sting-supportedmodel.

Figure3.- PhotographsofmodelinstsJledin7-by 10-footwindtumnel.
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